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17th DOE NUCLEAR AIR CLEANING CONFERENCE

SMJLATION OF FCYICEIPVENTILATION FIRES

Fritz R. Krause and Uilliam S. Gregory
Los Alunos National Laboratory

Los Alanos, New Mexico

Abstract

Fire hazard descriptions and mmpartment fire models are assessed as input to
airflow network analysis methods that simulate the exposure of ventilation system
mmponents to fire prod~cts. The assessment considered the ava{labilityof hazard
descriptions and models for predicting simultaneous
sial compartment openings that are characterized by
lable volunctric flux.

heat and mass release at spe-
a one-dimensional and control-

1. Introduction

Tlw airflow network analysis codes developed by the Los Alanos National
Laboratory simulate the effects of tornadoes and explo

ti?%r
th source terms that

describe heat and mass release to ventilation systems. Extending the
codes to fire accid

?!!
simulation analysis requires prescribing heat and mass

rel~ase frun fires. . Fire inodels are needed in this accident simulation to
predict heat and mass exhaust fran compartment openings. Therefore, available
fire hazard classifications admoc!els -re assessed for their capability to simu-
late heat and mass exhaust from fire zones.

industrial facilities usually have doors md windows that allow the smoke to
escape before it descends to the fire. Thus, industrial fire protection and the
associated fire models are concerned with efficient combustion in the presence of
uncontaminated air and the hi-directional flow of both air and fire products
through the sane openings. Nuclear facilities use radioactivity barriers to pro-
tect employees and ttw public against ttw hazards of ionizing radiaticm. Filtered
vent+ng systems md associated forced ventilation are often installed to confine
radioactiw dust, and the sane confinement Is inadvertently imposed on smoke.
Therefore, nuclear plmt fire models are mncerned with inefficient combustion in
tlw presence of snoke (soot and lW vapor pressure liquids) and with one-
dimensional and controllable flow through compartment openings. They differ from
industrial and building fires in the following ways (Fig. 1).

(1) Bi-directio~~al flou of fire products md air through one large openinq is
replaced by unidirectional flow in Intake and exhaust openings.

(2) Fire products descend to the seat of the fire. Therefore, fire plunes
contain more reactton products and less fresh air.

There is a reasonable doubt that existing compartment fire data bases and
ccanpartment fire models will slmulcte adequately heat, toxic/corrosive gas, and
particulate Injection to the ventilation systan adjacent to a fire zone. He
●valuated avnilable fire protecticm design standards and canparlment fire models
for their capability to simulate heat mdmass release from forced ventilation
fires. The assesment considered

(1) cov?rage of fire hazards that are cnnmonly used for the design of active
fire protection systems and

(2) the potentl al for existing fire models to be extended to forced
ventilation situations.
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Figure 1. Difference between Industrial and nuclear faclllty fires.

II. Requirements For Fire Accident Analysi&

Volumetric exhaust flow rates usually are Imposed by the ventilation system.
Exhaust rates then are determined by the temperature and ccmnpositicn time history
of the burn room atmosphere drawn Into the ventilation system

Analytical Requirements

In our opinion, a quantitative description of fire accidents requires the
following

(1)

(2)

tasks.
Quantify fire hazards in terms of hat and mass release at the seat of
the fire.
SimulNe tanperature, oxygen, and fire product c~nce(ltration transients
in the burn roan atmosphere as
hazard.

The first task has to be addressed 4
fire suppression systen and denotes user
analytical requiremmts for the accident
Both analysis requirements set the final
or analytical simulation of forced venti’

User Requirenent~

a function of vo-lunetric exhaust and fire

n the design of any fire ventilation and
requirements. The second task describes
malysis use of ccmnpartment fire models.
performance criteria for my experimental
ation fires.

The Natfonal Fire Protection Association (WPA) uses a description sf fire
hazards when specifying the design, insta 1 t r~ and maintenance of fire-
ventilation md fire-suppression systens. {4!-1?)’ Standards for installation of
snoke and heat venting

ly
stems classify f+re hazards in terms of low, moderate,

md high heat release.( Aquantltative descril~tion of associated heat release
rates is implied by t

!$)
mlnimun water discharge requiranents for fire zones, which

are given in Table I.

Discharge requirunents for geseous fire suppression systens reco~ize that
heat release per fu 1 decanpositi d are largely controlled by the type ot ccmbus-

ftiblematerial.(s)~ 6) The following four dtfferer,t fire types are specifically
mentioned in WPA fire suppression standards.

Pool Fires. Fire accident scenarios descr~be the i
!! 1})

of flmnable working
fluids, cleaning fluids, process chemical%, and sa on.( - HaIon flre-
suppression standards call for analyzing the tmnperatuw depmcience of flwmable

.,. ‘I’il(lh’[ 1~~~1”,,,~:,~,~,4’.It.),r,. ,t. ,\l: 1,,!: . II
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Table I. Fire hazard classification of NFPA 13-76.

Heat Release
Clas,sification

Minlmun
Uater Supply, a
~al/min/ft2

.050 (0.0’34L/s.m2)

Equivalent heath
absorptio~,

kW/m2

86

tider. ‘e .095 (0.064 L/s=m2) 164

High .137 (0.093 L/s.m2) 237

Very high .162 (0.110 L/s.m2) 280

aAssunes 4000 ft2 (372 m*) sprinkler protection.
bEvaPoration of 1 gal H20 absorbs 9.546 kW/s.

vapor mncentrations.(7) Fuel might loss or mass burning rates are controlled
by heat feedback from laminar and turbulent diffusion flun~s. P 1 size carIbe
used to differenrl ate between lanlnar md turbulent combustion.( 8?

Surface Fires of Noncharrinq Solids. Porous plastic fuels such as fo8n or
cable trays have energed as most significant. fire accident hazards. 8oth gas
and water are used for fire suppression. Active fir~ protection is needed because
noncharring plastic may melt md sporadically achieve the high mass-burning rates
that characterize liquid pool fires. Excess pyrolyzate fran rapid volatilization
can produce

5!
cessively long flanes that pranote rapid fire spread into adjoining

fire zones.( Mass burning rate Is mntrolled by heat irradiation of the fuel
and is strongly dependent on bcrn roan gas temperature and ccxnposltion.

Surface Fires of Charrlnq Solids. Surface fires of charring solids are fire
scenarios th~. descr{be t

k flY’!b
u$t~on of cellulosic materials such as wood, paper

records, and clothes racks.( The preferred fire-suppressing agent IS water.
Mass burning rates are controlled by char oxidation, which proceeds indepel~dently
of temperature and composition of the tmrn rocm gas. This independence has been
confirmed t

![!!
gh analysis of over 250 full-scale and reduced-scale ccxnpartment

burn tests.

Deep-Seated Fires. Deep-seated fires are isolated inside porous solid fuels
such as plasti c foens, record files, mattresses, and cable trays. The Isolation
makes deep-seated fires very difficult to detect. It also makes delivering fire-
Suppression agents to the seat of the fire very difficult. AltFmugh the rate of
Insstmdmass release fmn deep-seated fires is low, it may still present a signi-

ficant threat b ventilation systens because fuel vapor release may persist
mdetected for long periods of time and be mixed with mnbient fresh air. Deep-
seated fires also have been identified as one key to

T1$T
spread through relgrl-

tion of surface fire during readmission of fresh air.

lng a%%!%%;l p,mt fires
Tk above broad classification of fire hazards smnarlzes build-

Also, nuclear facilities have cmbustlble working
fluids under pressure that ~uid produce a fuel spray during an inadvertent break
of a pressurized systan. The most frequent fire accident that has requirecishllt-
tlng dovm a reactor Involves reactor coolant punps, and the most on fuels in-
volved are lubrtcatlng OIIS md electrical Insulation materials.( B’p i-k

‘,! ,,
,.
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International Ccn’mnitteefor the Safety of Nuclear n tallations
Iffires as a fifth class of important fire hazards.~ 4

has placed spray

Based on tlw above survey of fire protection desi~ hazards, preliminary user
requirements for fire accident malysis are formulated as follows.

(1) Provide ccxnpartment fire model inputs of heat and fire product release
rates for the follcming classes of fire hazards.

o Spray fires
o Pool fires
o Surface fires of noncharring solids
● Surface fires of charring solids

Deep-seated Tires
(2) Simu!ate fire growth and recession, which are caused by the dependence

of fire heat and mass release rates on the temperature and cunposition
of the burn room atmosphere outside the fire plume.

111. Preliminary Assessment of Ccnnpartment Fire Models.

The development of analytical fire models is m active and progressive field.
A canprehensive revi~ of models in use and model updates was beyond the initial
smpe of our fire model assesment progran. Instead, we selected seven multi layer
models according to personal knowledge and informal professional contacts. The
following models were revi~ed.

● University of
ft]

ifornia Berkele,y (UCB) model (15)

[
o Harvard mode (
● Crnada model 17)
● N?tional Bureau of Standards (NBS) moriel(ls)
Q Illinois In ~ ute of Technology Research Institute (IITRI) model (19)
o Japan model t$ )
● California Institute of Technology (Caltech) model (21)

Tfw associated references may not reflect the most recent developments In these
models, and we hope that the reader wI1l call our attrition to both models and
updates that should be included in the continuing assesment of analytical fire
mode 1s.

Screenlnq Criteria

Mdels were screened for simulation of forced ventilhtlon, nunber md type of
pred!cttd burn room transients, and canpatlbllity with user analysis requirements.
‘Ttiresults of this review are smrnarlzed in Table 11 and are explained as

Simulation of Forced Ventilation

All seven of the revi~ed models describe bi-directicmal flows of air
fire products through a large uncontrolled opening (window or door). They
deslqed to simulate forced ventilation. However, Creighton showed that a
rectional eg~~ust flw cm be simulated by using a fictitious second roan,

follows.

md
are not
unidi-
es shown

inFlg. 2.(Z?l Thus, capabilities for simulating forced ventilation are avail-
able Indirectly in my building fire model that has a multiroan capability. As
slmwn in Table 11, such a capability exists only for the most simple fire models,
which ignore radiation. Available fire models may have a capability to simulate
forced ventilation spray fires, surface fires of charring materials, and deep-
seated fires. However, simulation capabilities for forced ventilation of pool

.,, .,’ (,,
,,
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Table II. Overvim uf avallsble models.

Ntier of Systaaeattc
DrIglnator(s) Forced Slmul tmeous p::t:

Instttutlon
verification Mvbntagesj

‘entllation _Trmslmts q by Test Dlsadvmtaqe:

Brabwskts Y45
UC2

Harmathy No
Canada

Krause Ye.
Los A!81vos

Hatermm, MO
Page IITRI

Tmaka v~a
Japar

1.

2.

3,

4.

—

ADVANTAGES

lof3

3of3

lof3

3of3

lof3

2of3

lof3

2of6

Model Darmetem smarlze mmy
test-

Simpllc!ty

Ho

Y44

No

m

Ye

Ya

m

MO

MO 2. 30 A, B, D

Yes 3. 4, c

Y- 1, 2, 3, 4, A,
B, D

2, 3, 4, D
%%el

Tw 1, 3, c

Y●s 1, 2, 3, A. C

New 2. 3. 4. A
Model - “’ -

DISADVANTAGES

A. lKks d!stlnctfav of ftro
hazards

B. Lhited to vmtllat ion-controlled
f i rgs

C. Lacks vmtlldtlon syst~ tnter-
f Ue

D. Unc@rtt!n fw bl-diroctloml
flm

qequtre! “flctlt!ous” M to represmt mld!rcctfmsl ●haust.

fires and surface fires of nc,ncharrlng materials will most llkely need additional
research and development because both radfatlon exchange and forced ventilation
must be simulated.

Spray fires are most easy to model wlthut additional research and develop-
ment because the spray release rate may be independent frcm the state of the burn
room atmosphere. Thus, spray fires may be Investigated wltho~t cnnplex instru-
mentation and radiation exchange models. The spray fire results also may be
applicable to surface fires or charring materials and deeo-seated fires, which are
equally independent frcmn the state of the burn roan atmosphere.

.

ti
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Fl~re 2. Caltech model simulation of ventilation-controlled exhaust opening.



We restricted the follcwing preliminary assessment of fire models to spray
fires because this choice reduces tk complexity and maximizes the utility of re-
sults for other fire hazards. The restriction to spray fires also allows us to
directly ccrnpare simple fire models that do not simulate radiation with hlgher-
level fire models that do. In addition, the nwnber of available fire models is
enlarged.

Simulation of Burn Room Transients

As discussed above, existing methods of ventilation systesns malysis require
simultaneous time histories of temperature, oxygen concentration, and fire product
concentration in the upper or bt layer of the twrn room. Models wre screened
for their ability to predict these fire zone transients. Bulk “fire product” was
defined as total mass density minus gaseous oxygen nd gaseous nitrogen. This
idealized fire product includes both combustion products (such as C02, CO, *O,
and soot) and ~burned canponents of the volatilized fuel (such as inert canponents
and excess pyrolyzate). A model was credited with simulating fire product tran-
sler.ts if it addressed the bulk fire product, C02, or soot.

Table 11 shows that simple layer fire models are restricted to gas temperature
predictions (one out of three), whereas models with radiation exchange capabilities
sanetimes track soot and C02 concentrations {two out of three). He did not find
a simple two-layer model that Ignores radiation but still simulates both oxygen and
f~re product generation. Because such a model Is essential for t’hesimulation of
forced ventilation spr]y fires, w deyeloped such a model, This new forced venti-
lation fire model is included in Table II.

Ccnnpatlbllity with User Requirements

A single-compartment fire model alone cannot simulate the fire hazards de-
scrjbed above. To illustrate, the newLos Alanos fire model has no capability to
simulate bl-directional flows, flanes, and h?at loss to the fuel. Building fire
models ~ not simulate ventilation control, oxygen, and burn product concentra-
teans. All of these parameters are simulated by the Los Alanos fire model. %us,
a second and more detailed evaluation of canpartment fire models was lnitl~ced to
find out whether models could remodified and integrated to simulate al? fire
hazard classes. Prelimirlary screening criteria are given in Table l:. The ratings
represent our current subjective judgnent md will be conflnneri or mended by com-
paring test predictions with forc4 ventilation fire tests.

Iv. Simulation of Forced Venti’lati~,~Spray Fires.

Los Alanos and the Lawrence Livermor~ Natlsnal Laboratory (LLNL) coordinated
their independently sponsored fire research prograns to shave existing capabilities
for simulating forced ventilation spray t!res. Model selection was based on the
readiness of modelr to predict forced ‘,entilatlon spray fires ahead of the test.
Selected models tl’mnwere assessed 5y canparing predictions with those fran other
model ; md with the tests.

Experimental Simulation

All fire tests W:re anducted In the LLNL fire test facility slmwn in Fig. 3.
The tests used non-mmklng fuels, that is, methane, methanol, and so ropanol, and

{fthe test method was borrownd fran previous filter plugging tests. 23 ThP main
dr~back of this approach is that volunet.ricexhaust and ccnnpositlon gases are

,, 1,,,[,
,,,,

,,
,, :,,
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Figure 3. Lmvrence Livermore National Laboratory burn room.

measured at the downstream high-effic~ency parti CU1ate air (HEPA) filter end of a
9.75-m-long duct where exhaust temperatures have cooled to approximately 100oC.
Information on canpositlon in the hot layer and exhaust duct inlet was not
available.

Individual fires mre characterized by nominal fire strength (expected heat
release in kilowatts) and nominal ventilation strmgth (expected volLmtetric exhaust
flow rate at the HEPAfllter in liters per second). A sunnary of the fires that
are being used in our current assesnent is given in Table 111.

T8blt III. PrQl!mlnAry wr!f!cttlm of mxlmm t~raturea predlcllons by
Caltech and LOS Almos ftrt models.

Ffrc Strength 25 50 5om2w
(ku)

400 400 mo m

flRl ‘Mthmc - ~ Propyl AIcotml _
Cmosltton

CAIRCH/ --- 175 110 157 103
t~lstad

X15 575 --- ---

CALT2CH/ 60 183 111 627 357
Cml@tm

1270 681 --- -..

CA.1.rcc( -- 144 * 4M 311 B77 4%
to to

162
to --- ---

97 k :3 1156 $6

Los Almm/ 173 ?19 lM 229 lM
Krmna

2aJ 229 2WI 280

I “ “’’ ~.”.’ i “::’” ‘“
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Analyti cal Simulation

Fire modeling groups at several institutions wre asked to predict the plan-
ned tests. The modeling groups were asked to predict eight fire tests that were
characterized by combustion heat release (50 kW, 100 kW, 200 kU, and 400 kU) and
tw controlled exhaust flow rates (250 L/s and 500 L/s). Model predictions were
made ahead of the test by J. Bolstad (Los Alanos, Caltech model), J. Creighton
[LLNL. Caltech model). F. Krause (Los Alanos. Los Alunos model). and E. E. Zukoski

sunnarized in

anount of heat
difference between

(Caltech, Caltech model). The Caltech and !6s Alanos models w&e selected for-the
initial assessment. The results of ttw pretest predictions are
Table III for the ht-layer temperature.

The major differences in these predictions are the assuned
deposition in the burn roan gas. Heat deposition refers to the
enthalpy flux out (exhaust) and enthalpy flux in (air inta<e + spray). Creighton
assumed that the total heat of combustion goes into the gas. This assumption over-
estimated tlw hot-layer temperature by the largest margin. Zukoski allowed for
some heat loss to the wall, which was based on professional judgnent md open-door
fire tests. Resulting hot-layer temperatures are lower than Creighton’s estimates
but are still much too large for the recirculation time period. Bolstad and Krause
estimated heat depositions by back-calculating previous fire tests. These predic-
tions are much more reasonable but circumvent the unresolved problen of input se-
lection. Cmnparing the pretest predictions illustrates the importance of input
assumptions on heat deposition during fire product recirculation wd alto illus-
trates the large uncertainty of these inputs.

Krause estimated heat deposition in the gas by back-calculating previous crib
fire tests. These predictions showed that 50-kH and 100-kW fires would be too
weak to perate any burn product descent zmd that the burn product fran the 200-kU
fire would descend only 23%of ttw ceiling-to-fuel-top distance. Bolstad used
these S(

In
heating
lease.
would a

me heat deposition estimates.

the case of weak fires, heat deposition was not available and convective
rates were assuned to vary between 10% to 20% of t~ ccmnbustion heat re-
Wlth these inputs, the Caltech model predicted that the burn products
ways descend close to the floor no matter hcw weak the fire is.

The very first tests at LLNL used methane spray with fire strengths of 25 kW
and 50 k~. Visual observation of tenperature-profile displays showed that trans-
parent burn products did descend partially although they did not descend close to
the floor. Thus, w concluded that crtb fires simulate spray fires poorly. A na
set of heat deposition Inputs was chosen by back-calculating the Z5-kW methane
fires. We could make ths bum product descend very slightly (2.5%), but we could
not match the observed ceiling temperature (1780C that was calculated vs the 800C
determined experimentally) .

The above mmparlson of the pretest predictions clearly shows that neither
the Caltech model nor the Los Alanos model Is ready for spray fire predictions.
Usable ftre models muld need a rellablemetbd for predicting the final heat
deposition In t~ gas either from laboratory tests orfrun thennodynmic prin-
ciples. Given rellable Inputs, avail able models still must be updated to more
correctly describe tlw partial descent of fire products during weak or over-
ventllated fires. Back-calculation OT he~t deposition frcxnprevious fire tests in
the sane facility Is not acceptable for a ventilation systems analysis where varia-
tion of burn rocunarchitecture md ventilation strength Is one of the maJor user
requirements.

,,, :(, ; ,,, ,,: :,,.”,. ,. :..



Ccrnparison of Predicted and Measured Burn Room Transients

Comparison of predicted and measured burn roan transients Is based on model
predictions that use the back-calculated tia+ deposition values. This means that
all Caltech model predictions were repeated after the tests by using heat deposi-
tion time history Inputs that wre produced by pretest predictions with the Los
Alanos model. In this way, the ccanparison of the two models refit.:ts the differ-
ence in fire physics assumptions md not individual opinions on model inputs.

The following subsection discusses the ccxnparison of modeled and predicted
fires for ovlyone test that is typical for stronger fires (200 kW and more).
Similar discussions of the other fire tests were omitted for brevity because both
models w.d test methods are far frm being finalized. Analytical simulations must
be updated with better heat deposition estimatec and experimental simulation must
include sampling stations in the ht layer and/or the exhaust duct inlet. However,
the conclusions do reflect information fran all tests and not just fran the one
test used for Illustration.

Heat Deposition in the Gas. Heat deposition in the burn room gas is an out-
put frcm the Los Alanos model pretest prediction and an inDut to the Caltech model.
The time historyof the pretest prediction is shown in Fig. 4. However, there -
no known experimental way to measure heat deposition directly. Ccxnparison with
experiments is indirect md Is based on a convergence of evidence. Experiments”
evidence for heat deposition is available fran heat release oven tests and from
air intake rneasurenents.

E. Smith and A. Tewarson have developed twat release ovens to measure the
apparent heating value and genera 1

t28Y,f90
s of ccanbustible vapors, noke, toxic

Droducts. and mrrosive Droducts. Scalabilltv of generation rates is
tested by repeating the “snail-scale (10-CIIIby 1O-CYIIby”10-& t~st sanple) combus-
ticm test at intermediate~2~fale (03-m by .3-m by 4.3-m high sanples) and large
scale (3-m x 3-m x 3-m).

The m~ority of generation rates praved to be both reproducible and scalab?e.
Data obtained so far indicate that simulation and testing of site-specific non-
charring materials may not be necessary because materials could be classified in

MEAT OPPOSITION IN MIRN ROOM GAS
lw 1 , I

Tlmc(n)

Figure 4. The prediction of tti heat deposition In the burn roan gas.
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four groups based on chemical structure (nonarcrnatic, nonaromati c/aromati C, aro-
matic. and highly haloqenated fuels). Thus. Tewarson’s tert method Drovides an
important fir;t ;tep f& simulating-heat ~d mass release for noncka;ring mate-
rials. Smith oven tests have accumulated similar information on a large var
materials and a

M)
might be used as soon as the scalability of release rates

been mnfinned.

A preliminary method for mnverting T a son’s test results into heat d
VItion has been outlined by P. C. Owczarski. Zf’ The key assumption is that f

will rapidly grow to a stationary stage, which reflects the release rates per fire
area that are measured in release rate oven tests. The release rates at fire zone
openings thm are step function’.

ety of
has

sposi-
res

Using the step-function approximation, heat mnvection (Qc) through fire
zone openings cm be calculated from Tewarson’s mpirical data for convective heat
release efficiencies.

where Hf (kilojoules per gran of fuel) denotes the apparent heating va?ue of the
fuel and h denotes the spray injection rate (g/s). This estimate of convective
heat release describes the difference between ingoing and outgoing enthalphy
fluxes.

ic =PCT~
hphhex

-PCTj.
a pa a In

- CpfT~ ,

(hot exhaust) (air intake) (fuel intake)

(1)

(2)

where P denotes density, Cp denotes heat capacity, and V denotes volmetric
flux. The subscripts (h, a, f, ex, and in) are explained by the labels.

The step function of Fig. 4 illustrates the pretest prediction of the heat
deposition in tlw gas that was made by extrapolating Tewarson’s data. Proponal IS

also a nonaromatic fuel, and its convective heat-reiease efficiency should closely
match that of otter nonaromatic fuels. He

!7T
the value Xc = .6, which was

selected by Mishlma for rmnaromatic fuels.( The mass burning ratefi is given
in terms of the nominal fire strength (Qn),

in f“=Hm.

Extrapolation of heat release oven tests is given by

(3)

This value represents the step function of Fig. 4. The step was placed at the time
the fire products are within the vicinity of the floor. At this “snoke down” time,
the burn rmn has filled with heat-absorbing substances, and heat deposition in the
gas sh~ld be amaximun because the hot layer gas temperature is still cool that
is, wall heat losses are st~ll snail.



The main difference between the direct extrapolation of heat re?ease rate
oven tests and the Los Alanos fire model iS t~ duration of the peak. The fire
model predicts that Iwat deposition in the gas will recede quickly frcxn its peak
value while the burn rom gas gets hot, although the oven tests do not $imclate
such an increase of heating loss.

Additional experimental evidence qf heat deposition may be obtained by con-
verting the predicted heat deposition Q , which cannot be measured directly, to
air intake predictions that are measure ~ directly.. Mathematically, this means
that we have to solve Eq. (2) for the intake flux Vin. The temperatures in the
hot layer (Th), the anbient air (T ), and the volatized fuel (Tf) are coupled
‘y the isobaric condition of the f!’rezone. Neglecting the weak dependence of the
molecular degrees of freedom on combustion product chevistry, we can approximate
this coupling by usina the following equation of state.

CphTh~h = CpaTa~a ■ ~fTf~ = 3.5 p , (4)

where p denotes t~ hydrostatic pressure.

Substittiting Eq. 4 into Zq. 2
. .

Qc Qnijn=iex-~ -Hf~

.
and solving for Vin gives

. (5)

Thus, the Intake flux is Iinearly proportional to the heat deposition in the qas
in forced ventilation fires with the volumetric exhaust Vex is held mnstant.
Figure 5 show the time history of the intake flux that was calculated using heot
deposition stown in Fig. 4 according to Eq. (5) with the handbook value
Ht = 33,2 kJ/g. This curve is labeled “Los Alanos Fire Model” md reflects the
physical asswnptions of Eq. (4). The asslsnpt~ons of the Caltech model, although
considerably more mmplex, lead to a similar result. Both models appear to be
roughly equivalent and bracket the final intake flux. Based on this evidence, the
predicted heat deposition time history of Fig. 4 appears to be a reasonable approx-
imation of the real heat deposition. The sharply peaked and transient nature of
this heat deposition is surprising because both the mass bl’rning rate and the volu-
metric exhaust Yex are held mnstant throughout the test.

VOLUMETRIC INI-KC FLUX
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Figure 5. Canparison of intake fluxes.
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The negative intake flux In Flq. 5 Indicates that gases are blowln out of
?the intake opening; that 1s, the estimated ano~nt of convective heat re ease can

be accommodated on”~y by flow reversal in the intake duct. A negative intake cannot
exist for m extended time period because the fire will terminate through oxygen
starvation. Thus, heat release oven tests are useful to estimate tb trmsient
peak heat deposition in the initial stages of the fire that wI1l end with t~ de-
scent of the fire products. Ibwever, heat releast ovens h mt utequate?y simu-
late the final stage of heat deposition.

Burn roan temperatures. Burn roan temperature profiles stiw the extent of the
hot layer as indicated In fig. 6. Tlw time history of the near-ceiling tempera-
ture stwwn In Fig. 7 is also m important indicator of fire growth and fire
recession.

!rwlmlul (()

FigIre 6. Tanperatu~e stratification, anpirical events.
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The measured tanperature profiles of Fig. 6 are plotted for special event
times that represent mlmlnun alr Intake md burn mode transition (strongest curva-
tureof the near-ceillng tanperature-time history). See Fig. 7. A comparison of
measured and predicted temperature profiles shows that the fire products do not
desa!nd all the way to tlm floor, as asswned by the Los Alanos model, but leave a
cool layer, as assuned by the Caltech model. However, this layer Is almost twice
as thld as predicted by the Caltech model. Hot-layer temperatures are over-
predicted by the Caltech model, whereas the Los Alanos model gives a reasonable
approximation.

W temperature-time history in Fig. 7 shws rapid fire growth for about 110 s
after tfw fire product descent has stopped. The stationary fire exists from 140 s
to 540 s mi then is follwed by fire recession.

Using the Los Alenos model, we speculated that the stationary fire stage would
be characterized by oxygen starvation, which Is initiated by a time-llmited period
of intake flow reversal. This speculation Is based on a residual oxygen concentra-
tion of 13% that character

1$87
the self-termination of flmnable liquid fires In

water-sealed cunpartments. This speculation Is not born out by the test as
shorn by the measured oxygm concentration time history in Fig. 8. Apparently,
heat deposition in the gas is llmited entirely by wall Iwat losses and not by an
oxygen-controlled decrease of canbustion efficiency.

NFPA, after reviewing many compartment fire tests with an open door or window,
postulated building fire growth stages that a

[$!
ased on celling temperature and

combustion heat release as shun In Table IV. 9

Canparing ttw qualitative fire growth classification with the heat deposition
of Fig. 4 and ceiling tanperature of Fig. 7, we concluded that minimun intake coin-
cides w!th v~gorous burning and fire growth is associated with interactive burning.
The stationary fire might be associated with remote burning provided the tempera-
ture threshold of renute burning is lowered fran 4000C to 3000C. There are no
renote pieces of furniture in the LL~ burn roan, and remote burning (if it exists)
would describe the l~ltion of renote fuel vapor accumulations In the hot layer,
The instability of the Intake flux after 450 s (Fig. 5) may support such specula-
tion. Intake flux Instability Ismor+ pronounced In weaker fires where the hot
layer contalnes m~re oxygen.

Pm ccNToxYOEP4C@4CcNTUAT10N
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Figure 8. Cmnparison of oxygen concentration.



TsbleIV. ffPAclmsiflcetim of flro ~wth @onwaIa.

state menmenon Therwdynmlc Ocfinltla.—

1 Pmbrnl rq no flm.

2 Sust41r# lxming I@ltlm (Including wlderlng) hm occurred
In tw r- of wlgln, but Imat mlot$e rate
*GS not exceed 2 ku.

3 Vigorous burinlng lle8traloeser~teInsl& the rom of orlgln
is bttween 2 md W kUo but tlm upper ~ak
r- ~atwe it less thtn 150%.

4 Interactive burning Avers* upper r
md 4@ ~Ciu~%”i~~niir~t*m

i~$ioin beyond the mm cf Ortgtn but with
twat releese less than 2 kU.

5

6

Raote burnl ng Atierip t~erature In r- of origin Is

!
rester then 4WC, cwsi ng secondary
gn~tlonsbeyond the mm of orlgln with heat
releese of 1ss than 2 ku.

Full rm Involwent 6uml
2

beyondthe rom of origin releasing
2 to kU; secondary fires IWO reached
-tat. 3 condttlons.

*t 1ayer oxyqen cmcentratlons. Oxygen mncentratlons measured at the HEPA
filter would be representat{ ve of the oxygm concentration fn t~ hot layer, pro-
vided the cnmposl tlon of the exhaust gas does mt change In the duct and the duct
does not entrain outside elr through leaks.

Fl~re 8 slmws the comparl son of meas~red and predicted oxygen concentrations.
The measured curve Is labeled with the IFPA burn mode class lflcatlon assunlng
cell !ng temperature threstmlds of 1500C md 3000C. The lcbel “dilution WIth
air” refers to my time period during which oxygm conccntr?itlon fncreases and
temperatures decrease. The cnmparl son strewsthat predl ctIons of oxygen concerltra-
tlon time historles are reasonable above the assun~d threshold of 13%.

The experlmtnf~! curve goes to ancentrations below the 13% threslmld, and the
transition threshold IS marked by a transition from Interactive to resnote burning.
Similar coincidences of residual (sealed self-tennlnatlon) oxygen thresholds md
fire growth stbges are found In the other tests. Unfortunately, tlw data base Is
lnsu*ficlent to conflnn that NFPA crlterla for fire growth may be extended to
forced ven~llatlon fires.

Fire product mncentratfon. Fire product concefitr~tlons are lmport~nt In
nucle~acilltl es analysls=ause product release outside the fire zone may clog
filters, produce health hazards, corrode sensltlve electrical mntacts or c!etec-
tors, and produce acid waste water. Fire product concen’iratlons are also the
mrnerstone for verlfylng the Los Alarms fire model because the model is based on
a solutlon of the fire product balance equation.

Fire product concentration Is defined as total hot-layer mass mncentratlon
(1OCM) minus concentrations of residual oxygen and nitrogen gas. Thus, ‘fIre
product” denotes all forel

T
mass other than nlr ~d Is made up of unburned fuel

(excess pyrolyzate) RS wel as all products of canbustion. In the LLNL tests,
fire product a)mponents are CHX, smoke particl?s, C02, H20, and CO.

, ‘i’ ‘ I [1,’ ‘ I ‘ l’ i



The LLNL tests directly measured Chx equivalent CH4, C02, and CO concen-
trations. Time histories of H20 concentrations were assuned to be directly pro-
portional to C02 concentrations. The factors of proportionality for methane
(.82) Md Pmpaml (. 72) fuel were estimated assuming stoich?anetri c ccanbustion
that produces only CO and H20.

?
Smoke concentration was i~ored because meth-

ane and propanol usua ly burn lem (wittwt generating any visible snoke). Our
neglect of moke is mcertain during periods of renote burning where visual obser-
vation indicated the formation of a black but still transparent smoke.

Fi~re 9 slmws a comparison of predicted and measured fire product concentra-
teons. The experimental curves were calculated by adding measured C02, CO, and
CH4 concentrations to estimated H20 concentrations. All curves are labeled
according to the burn-mode transitions that were discussed in preceding sections.

The comparison of e~erimental md predicted fire product mncent.rations also
shows a r~asonable agreement for interactive burninS. One intriguing new fact is
that experimental oxygen md fire product concentrations are mirror images of each
other. This may indicate that nitrogen mass concentration is constant because
depleted oxygen is replaced by fire products.

v. Smnary and Conclusions

1. Amethod for simulating fire product exposure of ventilation systm components
should meet the following performance requirements.
o Provide model inputs on heat md fire product release rates for spray fires,

pool fires, surface fires of noncharring materials, sutiace fires of ch&r-
rlng materials, and deep-seated fires.

o Simulate temperature and ccrnpositlon transients of the burn roan atmosphere
for each of the above hazards as well as for fire growth and recession,
which is caused by heat and mass release dependence on atmospheric
transients.

2. A review of seven building fire models showed that multlroom models may be
manipulated to simulate forced ventilation by replacing unidirectional exhaust
flow with a fict{tlous second room. However, all multlroom models lack the
capability to simulate burn room transients of oxygen concentration and fire

MASS CONCCNTRATIONOF BURN PRODUCTS
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Figure 9, Canparison of burn product concentrations.
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3.

product concentration. Burn roan wmpositlon trmslents are partially simu-
lated by higher-level building fire models that simulate radlatlon exchage.
However, at present none of the high-level models can simulate forced ventlla-
tlon. Existing building fire models are not designed to simulate spray fires,
surface fires of charring materials, and deep-seated fires.

Pretest predictions of forced ventilation spray fires were made with the
Caltech and Los Alanos fire models. The comparison of the pretest predictions
showed that
● forced ventilation fires are characterized by a highly time-varying heat

deposition in the burn roan gas that peaks at the time when the descent of
the fire products is stopped and

o the final stationary rate of heat deposition is smaller by a factor of 3 to
5 than estimates based on the extrapolation of heat release tests.

4. A mmparison of predicted and measured burn roan translats showed the follow-
ing.
● Tin-layer building fire models md the Los Alanos fire model show premise

to predict both temperature and ccsnposition transients of the burn roan
atmosphere for spray fires, surface fires of charring materials md
deep-seated fires.

o The Caltech and Los Alanos models are not ready to simulate forced ventila-
tion fires. The following simulation capabilities must still be developed
and demonstrated.
(1) Partial fire product descent for moderately strong fires
(2) Spray fire of smoky fuels

1
3) Burn roan transitmt~ caused by oxyqen starvation
4) Heat and mass release input selection for fire hazards other than fuel

spray
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